The switch between the Krebs cycle and the glyoxylate bypass is controlled by isocitrate dehydrogenase kinase/phosphatase (AceK). AceK, a bifunctional enzyme, phosphorylates and dephosphorylates isocitrate dehydrogenase (IDH) with its unique active site that harbours both the kinase and ATP/ ADP-dependent phosphatase activities. AceK was the first example of prokaryotic phosphorylation identified, and the recent characterization of the structures of AceK and its complex with its protein substrate, IDH, now offers a new understanding of both previous and future endeavours. AceK is structurally similar to the eukaryotic protein kinase superfamily, sharing many of the familiar catalytic and regulatory motifs, demonstrating a close evolutionary relationship. Although the active site is shared by both the kinase and phosphatase functions, the catalytic residues needed for phosphatase function are readily seen when compared with the DXDX(T/V) family of phosphatases, despite the fact that the phosphatase function of AceK is strictly ATP/ADP-dependent. Structural analysis has also allowed a detailed look at regulation and its stringent requirements for interacting with IDH.
INTRODUCTION
Isocitrate dehydrogenase kinase/phosphatase (AceK) is a rare example of reversible protein phosphorylation in prokaryotes, regulating the action of isocitrate dehydrogenase (IDH) as the metabolic switch between the Krebs cycle and the glyoxylate bypass (figure 1a) in response to nutrient availability. As a key metabolic enzyme at the branch point between the glyoxylate bypass and Krebs cycle, IDH represents a strategic position for regulation. AceK, a bifunctional enzyme, uniquely contains both kinase and phosphatase activities and is unusual with its two opposing activities at the same highly adaptable active site [1] . Although the discovery of a protein with both kinase and phosphatase activities involved in the regulation of the Krebs cycle, known as AceK, occurred nearly 30 years ago and became the founding member of prokaryotic protein phosphorylation [2] , a full understanding of AceK remained elusive until structural information became available. The recent characterization of the structures of AceK and its complex with its substrate IDH [3] has provided the first structural glimpse and offered a renewed look at this enzyme. The structures revealed a striking likeness to the eukaryotic kinase superfamily and a new class of phosphatases, and insight into its regulation and association with its protein substrate.
The structure of AceK is composed of two distinct domains (figure 2a). The C-terminal domain or kinase domain (KD), which binds adenosine triphosphate (ATP) and is the site of kinase, phosphatase and ATPase function, resembles both the eukaryotic serine/ threonine protein kinases and the tyrosine protein KD of signal transduction receptors such as interleukin-1 receptor [4] , fibroblast growth factor receptor 2 (FGFR2; figure 2b) [5] and the proto-oncogene tyrosine protein kinase receptor [6] , suggesting a distant evolutionary relationship between AceK and the eukaryotic kinases [3] . The N-terminal domain or regulatory domain (RD) of AceK represents a unique protein fold with no structural homologues (figure 2a). The RD contains binding pockets for small molecules that can regulate the function of the catalytic KD of AceK [3] .
AceK AND EUKARYOTIC KINASES
Eukaryotic protein kinases (ePKs) are one of the largest gene families and are important in regulating a multitude of cellular processes. This superfamily of proteins has retained its basic function and uses a similar mechanism for phosphotransfer. Yet these proteins have evolved to phosphorylate a wide range of substrates, interact with a variety of proteins and respond to different regulatory mechanisms [7] . The catalytic cores in all kinases share a similar fold composed of two lobes. The N-terminal, smaller, subdomain (N-lobe) is predominantly b-sheet and harbours many of the ATP-interacting residues.
The C-terminal, larger, subdomain (C-lobe) is primarily a-helical and contains the catalytic loop and residues needed for protein substrate recognition. The active site is located in the cleft formed between these two lobes [8] . The residues involved in ATP binding and those required to transfer the g-phosphate moiety from ATP to the targeted serine, threonine or tyrosine residue are ubiquitously conserved, even in atypical kinases, making up a functional cassette essential to this activity. The C-terminal residues 307-574 in AceK show many structural similarities to ePKs; hence it is termed the KD, despite it (largely) lacking sequence homology. As with ePKs, the organization of AceK KD is further divided into two lobes with ATP bound at the interface between them (figure 2a). The N-and C-lobes are composed of helices and strands, respectively, with some structural alterations when compared with ePKs; however, the key residues that form the ATP binding site are conserved. These similarities and differences are best illustrated when the KD of AceK is compared with the structure of FGFR2 (PDB 3CLY) [5] (figure 3a,b). These proteins are structurally similar with a root mean square deviation of 3.6 Å despite having only 14.9 per cent sequence identity. The conserved structural elements, particularly in the ATP binding region, are in a good alignment. However, several regions in the N-lobe display significant variations, particularly in helices aA, aB, aH, and b4, b5 and b6. In the C-lobes, the a-helices of these proteins do not align well, except for the region near the ATP binding site [3] . There is a restricted sequence homology between residues 315-340 of AceK and the corresponding ATP-binding residues in ePKs [3] (figure 3d). This includes a glycine-rich motif (P-loop) in the loop between b1 and b2 ( 315 APGIRG 320 ), a multifunctional element that interacts with the g-phosphate and helps stabilize the ATP binding site [9] . Also conserved is a lysine residue (Lys336) found in the ATP binding site that interacts with and stabilizes the a-phosphate of bound ATP [10] . Several other classical kinase motifs, including the APE, HRD and DFG sequences, appear to be absent or modified in AceK.
(a) Catalytic 'triad' A 'catalytic triad' is identified in ePKs and consists of Asp166 (catalytic base), and Asn171 and Asp184 (cAMP-dependent protein kinase (PKA) numbering), which chelate one of the bound Mg 2þ ions [8] . In the absence of structural information, sequence analysis and mutagenesis studies were used to predict this triad in AceK. The catalytic base was believed to be Figure 1 . The Krebs cycle and the glyoxylate bypass mediated by AceK. (a) In the complete Krebs cycle, isocitrate is converted to a-ketoglutarate and carbon dioxide by the enzyme isocitrate dehydrogenase (IDH). When acetate is the sole carbon source, AceK phosphorylates IDH causing its inactivation. The inactivation of IDH increases the conversion of isocitrate to glyoxylate by isocitrate lyase (ICL). Glyoxylate is then combined with acetyl-CoA to form malate, a downstream product of the Krebs cycle, thus completing the glyoxylate bypass. (b) The transcription of the aceBAK and icIR operons. The aceBAK operon encodes three proteins: malate synthase (aceB), ICL (aceA) and isocitrate dehydrogenase kinase/phosphatase (aceK). These three enzymes are involved in the glyoxylate bypass.
Asp317, along with Asn377 and Asp403 completing the triad [11] . When the structure of AceK was solved, it was clear that this previously proposed 'catalytic triad' was incorrect. The triad still exists in AceK; however, the residues involved are Asp457, Asn462 and Asp475, placing these residues in the same spatial positioning as those in ePKs (figure 3d). In accordance with their critical role in ATP binding and catalysis, mutations in this signature motif (e.g. D475A) completely abolished kinase activity [3] . In addition to this catalytic element, a slightly modified phosphotransferase motif is also evident in AceK. This motif in phosphotransferases, which include kinases, is HXDhXXXNhhh, where h is [FLIMVWY] in addition to a downstream aspartate residue (part of the DFG motif) [12] . The corresponding sequence in AceK is 455 PGDMLFKNFGV 465 with the downstream aspartate at position 475. In ePKs, the histidine residue (or sometimes tyrosine) is part of the HRD motif and is responsible for orienting two catalytic aspartates residues to coordinate the ATP molecule and Mg 2þ ion for catalysis. AceK lacks this histidine residue, yet a flexible glycine residue neighbours the catalytic Asp457, allowing for additional freedom of movement for it to shift in and out of the ATP pocket. The absence of histidine may also reflect the observation that only one Mg 2þ is found in AceK, whereas two are present in ePKs [3] .
(b) Comparison with atypical kinases Atypical kinases have a similar catalytic core to ePKs and possess kinase activity despite not conserving many of the kinase motifs. For example, in haspin (haploid germ-cell-specific nuclear protein kinase, encoded by germ-cell-specific gene 2: Gsg2), the DFG motif involved in ATP and Mg 2þ binding is replaced with DYT and completely lacks the APE motif at the C-terminus of the activation segment. There is only weak sequence homology shared with ePKs; its KD is highly divergent and contains several unique inserts, and variations exist in its activation segment. In fact, its activation segment is highly structured, which may indicate that it is constitutively active and ready for substrate binding. The haspin structure contains several structural features conserved among haspin-like kinases but not seen previously in kinases [13, 14] . Although not structurally similar to haspin, AceK shares the idea that a protein can perform the phosphorylation reaction even when divergence in the KD exists.
(c) Hydrophobic 'spines' Recently, the conformations of active and inactive kinases were compared, and additional conserved non-contiguous motifs termed hydrophobic spines were proposed that connect the N-and C-lobes [15] . The regulatory spine (R-spine) consists of four hydrophobic residues (Leu95, Leu106, Phe185 and Tyr164; PKA numbering) and is assembled in active kinases yet is disordered in inactive kinases [16] . A catalytic spine (C-spine) also exists that spans the kinase and requires the adenine ring of ATP [17] . Analysis of the KD of AceK shows that both these kinase spines may exist in this bifunctional protein ( figure 3c,d ). The four hydrophobic residues are proposed to be Val360, Thr372, Phe454 and Tyr476. The AceK R-spine, however, does not anchor to the aF-helix through the commonly observed hydrogen bond as seen in ePKs but may continue the hydrophobicity to Trp545, allowing more flexibility to modulate between its two functions. The C-spine is not as apparent in the AceK structure. The upper portion of the spine is in reasonable agreement, Val325, Val334, ATP, Phe463, Gly464 and Val465; however, the hydrophobicity path to the aF-helix is not as well defined. The residues that may correlate are Leu422, Leu522 and Ile528 with different or additional residues assisting in completing the network (Ile438, Tyr441 and Phe532). A residue such as Tyr474 may be required to substitute for the lack of side chain of Gly464 to interact with the adenine of ATP. Variations in AceK are not surprising as it is a more distant, atypical kinase [18] . Another important feature of the spine model is the role of the 'gatekeeper', which is located between the R-and C-spines and may modulate these spines [15, 19] . In this position in AceK is Tyr414, a residue already proposed to serve an important role in transmitting the allosteric effects from the RD (discussed later); it may also help switch the kinase on and off by affecting the spines.
(d) Regulatory loop
One of the most striking differences between AceK and the ePK family is the presence of Loopb3aC in AceK (figure 2b). This regulatory loop shields and exposes ATP in the adenosine monophosphate (AMP)-bound and AMP-free AceK structures, respectively, thereby acting as a regulator of catalytic function as it controls the accessibility to the ATP binding site. Upon dissociation of AMP, Loopb3aC shifts upwards by 16 Å towards the N-lobe and opens the ATP site, initiating the process of kinase activation. Although this structural element is absent in ePKs, its function is somewhat analogous to the activation loops in these kinases. The activation loop is positioned between the b9 strand and P þ 1 loop and regulates kinase activity. The activation loop region of ePKs is completely absent in the KD of AceK, instead the substrate recognition loop (SRL) partially occupies this region. Many ePKs are themselves phosphoproteins and the activation loop contains the phosphorylation site(s), which activates the enzyme. Phosphorylation in the activation loop not only stabilizes the active conformation but also destabilizes the inactive conformation. The addition of the phosphate moiety introduces new hydrogen bonds that orientate the active site and substrate-binding interface, whereas this loop in inactive kinases is disordered and the key catalytic residues are out of position. Phosphorylation also stabilizes the loop in an open and extended conformation, allowing the protein substrate to bind [20] . The specifics of this loop among ePKs are structurally diverse [21] ; some kinases lack the phosphorylation site(s) completely and are constitutively active, and those kinases that do not require phosphorylation for activation have acquired alternative strategies to mimic the phosphate moiety [22] . Thus, utilization of a flexible surface loop as a means of regulating activity in kinases has been conserved from bacteria to eukaryotes, despite some significant differences in the sequence, spatial location and factors influencing the conformational change.
(e) Accessory domain The overall structural design of AceK consisting of both a kinase (catalytic) domain and a RD is analogous to many kinases (figure 2a). ePKs diversify themselves by their non-KDs. Like AceK, these nonKDs are often involved in regulation but may also serve other roles [23] . Unlike the conserved kinase catalytic core, the RD of AceK has a novel fold, thereby its only similarity with the various RDs of ePKs is its function to control the enzyme. Inactive cyclic AMP (cAMP)-dependent PKA is composed of two catalytic kinase subunits and a regulatory (inhibitory) subunit dimer in the absence of cAMP. When cAMP binds the regulatory subunit the catalytic subunits dissociate and become active [24] . Similarly, cGMP-dependent protein kinase has three functional domains: an N-terminal domain, a RD and the KD. The N-terminal domain inhibits kinase function in the absence of cyclic guanosine monophosphate (cGMP). When the two cGMP-binding sites are occupied in the RD, a large conformational change is induced, which relieves the inhibitory control of the N-terminal domain, hence activating the kinase [25] . As in the case of AceK, regulation can also be mediated by allosteric effects, in particular by AMP (see later), such as AMP-activated protein kinase (AMPK). AMPK is a heterotrimeric complex consisting of a catalytic subunit (a) and two regulatory subunits (b and g) and is activated allosterically by AMP [26] . In contrast, the kinase function of AceK is inhibited when AMP is bound.
It is clear that, despite many differences between AceK and ePKs, the common structural and functional features are present in these kinases, albeit in a varied form and style. If a critical element seems to be missing, a different protein segment would be present and compensate for the 'loss' of function. AceK represents a more extreme case of kinase diversity, most likely due to the fact that it also possesses phosphatase function, the complete opposite of kinase activity.
AceK ATP/ADP-DEPENDENT PHOSPHATASE FUNCTION
The close structural similarity of the KD of AceK to ePKs was unexpected, but provided a good basis for understanding the kinase function of AceK. In contrast, the mechanism of its unique ATP/adenosine diphosphate (ADP)-dependent phosphatase activity remains unclear despite this structural information. Like kinase activity, phosphatase function is a universal theme in regulation, and so clues may lie in a comparison of AceK with the three major families of phosphatases. The phosphatase families are defined by their amino acid sequences in their active sites. Similarities are seen only when AceK is compared with the new class of phosphatases with the active site sequence DXDX(T/V). This newly emerging family of phosphatases are members of the haloacid dehalogenase (HAD) superfamily; hence we herein term it HADP. HADP acts through a pentacovalent intermediate by an associative (or S N 2) mechanism [27, 28] . The strictly conserved first aspartate serves as the nucleophile and forms the phosphoenzyme intermediate. The second aspartate acts as a general acid to donate its proton to the leaving hydroxyl group. Conservation of the second aspartate varies from low retention of phosphatase activity to full loss of function. Therefore, the carboxylic side chain of the first aspartate is more position sensitive for its function than the second aspartate. This group is defined by the DXDX(T/V) sequence, but other features include the signature motif being preceded by four hydrophobic residues and a strictly conserved lysine residue with a role in transition state stabilization [29, 30] .
(a) AceK and haloacid dehalogenase phosphatases In AceK, the sequence DXDXI is found preceded by four hydrophobic residues and a conserved Lys461 is apparent (figure 4a). Comparison of AceK with a representative of HADP shows good alignment of all important features (figure 4b), further supporting the notion that AceK may be a distant relative of this phosphatase family. One difference is that an isoleucine is present rather than threonine or valine at position 5 in the motif, although it is a relatively conservative substitution and may relate to the multiple functions of this enzyme (phosphatase, kinase and ATPase activities). Regardless of this discrepancy, this motif contains Asp475 and Asp477, which through both structural and mutational studies have been shown to be critical to enzyme function. The D477N and D477A mutant proteins retain kinase activity yet have complete loss of phosphatase activity [3, 32] . From the AceK structure, Asp477 and Asp475 interact with the g-phosphate of ATP, and Asp475 coordinates the ATP-liganded magnesium ion [3] . The D475A mutant, which likely disrupts the binding of a metal cofactor in the ATP binding site, results in the complete loss of ATPase activity [3] .
(b) Proposed AceK phosphatase mechanism If AceK is a member of HADP, it is likely that phosphorylated IDH binds to AceK and positions its phosphoryl group into the active site of AceK near the catalytic Asp475. Asp475, as the nucleophile, attacks the phosphate on IDH to form a phosphoenzyme intermediate. Asp477 donates a proton to the hydroxyl side chain of Ser113 on IDH as it leaves. The phosphoryl-aspartate transfers the phosphate moiety to the bound ADP molecule to form ATP, whereby ADP plays a catalytic role with the high energy of the acyl bond on aspartate driving this phosphatase reaction. It is known that the phosphatase activity of AceK is ATP/ADP-dependent, although the specifics are still unclear with evidence that it is a kinase back reaction [33] . Perhaps it is simply related to the regeneration of the 'catalytic' ADP and hence the ATPase function of AceK is just one step in the dephosphorylation reaction (figure 4c). ATP hydrolysis activity is surprisingly strong, with a 10-fold increased activity compared with both kinase and phosphatase function [33] , and therefore must be stringently controlled. In the default phosphatase state of AceK, water must be excluded to prevent the wasteful hydrolysis of ATP. The allosteric regulator AMP stimulates phosphatase activity (or inhibits kinase activity). With AMP bound, Loopb3aC is in the closed conformation (figure 2b) owing to a salt bridge between Lys346 and Glu478 [3] . In fact, the AceK structures with the loop closed show the ATP molecule bound in the active site, whereas in the AMP-free AceK structure, Loopb3aC is in the open conformation and ADP is found [3] . In the latter case, water was accessible to the active site and ATP hydrolysis occurred. This raises the question, if ATPase activity is one step in the phosphatase reaction, how does water enter the active site when it is in the locked position? In the AceK/IDH complex structure, the salt bridge between Lys346 and Glu478 is broken, and the g-phosphate of ATP moves out from inside of the active site pocket although Loopb3aC is still not open. This conformational change is caused by the binding of IDH, suggesting that with binding of phosphorylated IDH there may be an even larger local conformational change, which might allow water to enter, or the phosphate group to leave. However, details regarding the ATPase mechanism remain a point to be investigated.
REGULATION
IDH represents a rate-limiting step in the Krebs cycle and includes the steps where carbon is lost to carbon dioxide, therefore forming a critical point of regulation. Phosphorylation of IDH is a means of regulating the branch point between the Krebs cycle and glyoxylate bypass (figure 1a). When a rich carbon source is available, the energy-generating Krebs cycle continues to flow as IDH is dephosphorylated; however, if a lesspreferred carbon source, such as acetate or fatty acids is available, the cell responds by phosphorylating IDH, activating the glyoxylate bypass [1] . Isocitrate is the substrate for both IDH and isocitrate lyase (ICL); however, IDH has a higher affinity for isocitrate. By inactivating IDH, through the action of AceK, the increased accumulation of isocitrate allows ICL to operate. Regulation as a consequence of varying affinities is called the branch point effect, so that the glyoxylate bypass is highly sensitive to the phosphorylation state of IDH [1, 34] .
(a) Gene regulation AceK is tightly controlled from the transcriptional to the post-translational level, demonstrating both global and specific regulatory systems and how highly sensitive the glyoxylate pathway responds to the metabolic needs of the cell. The aceBAK operon (figure 1b) encodes the enzymes of the glyoxylate bypass. In addition to aceK, aceB encodes malate synthase, and aceA encodes ICL. These genes are all controlled by the same promoter, yet are expressed at differing levels, with AceK expressed the least. Codons for aceK are less favourable compared with aceB and aceA, allowing control at the elongation phase of translation. Also preceding the aceK gene is a palidromic sequence that forms a stable stem and loop structure, in consequence decreasing its expression. The aceK gene is controlled at the transcriptional level with Ic1R and FadR acting as repressors and FruR and IHF as activators (figure 1b) [35] .
The IclR repressor represses the expression of the aceBAK operon through binding at the promoter region competing with RNA polymerase for the same binding site (figure 1b). When cultures are grown in acetate, IclR is released from the promoter region, allowing the expression of the aceBAK operon. Glyoxylate and pyruvate bind the same site on the IclR protein but have opposing effects. Glyoxylate prevents the formation of the IclR -operator complex, favouring the inactive dimeric state of IclR activating aceBAK gene expression; however, pyruvate promotes binding of IclR to the aceBAK promoter and stabilizes the active tetrameric form of IclR repressing the operon [36] . This is in agreement with the previous observation that when pyruvate is added to a culture grown in acetate, IDH is quickly dephosphorylated and activated [37] . Surprisingly, neither the aceBAK operon nor the AceK protein is activated by acetate or acetyl-CoA, at least not directly. However, phosphoenolpyruvate (PEP), acting as an inducer, will prevent the binding of IclR to the promoter [38] . In vitro, fructose-1-phosphate or fructose-1,6-bisphosphate can remove and prevent FruR from binding the operon, thereby repressing aceBAK expression [35] .
(b) Protein regulation Regulation of the IDH phosphorylation/dephosphorylation event by AceK also occurs at the protein level. Many of the regulatory effectors are derived from the end products of the glyoxylate bypass, and represent negative feedback inhibition mechanisms, decreasing the amount of isocitrate available to ICL. In general, many of these metabolites will inhibit the kinase activity but activate the phosphatase activity of AceK (3-phosphoglycerate, pyruvate, AMP, ADP, oxaloacetate, a-ketoglutarate and PEP) [1] . Isocitrate, NADP þ , citrate, fructose-6-phosphate and glyoxylate inhibit kinase activity only, with no apparent effect on phosphatase function [1, 39] . In addition, ATP, a cofactor for kinase activity, activates phosphatase function (AceK phosphatase activity is ATP/ADPdependent; see §4a), and NADPH blocks both opposing activities. Surprisingly, no regulators that activate AceK kinase activity or inhibit AceK phosphatase activity have been identified, illustrating the stringent control of the glyoxylate bypass, which only needs to be activated when the cell is nutrient deprived. These metabolites provide a direct measure of the cellular needs, and if these effectors accumulate excessively, the phosphatase activity is increased to reactivate IDH and reduce the flux through the glyoxylate bypass. AMP, 3-phosphoglycerate and pyruvate bind directly to AceK and activate phosphatase and inhibit both kinase and intrinsic ATPase activities (in the absence of IDH). Their binding to AceK could cause a conformational change whereby the phosphatase mode is favoured. NADPH and isocitrate, however, bind to IDH rather than AceK, in turn inhibiting kinase activity, but unlike the other effectors, phosphatase activity is not activated and there is no effect on the intrinsic ATPase function. Thus, in the presence of IDH, isocitrate binds to the active site of IDH competing with and reversing the product inhibition, resulting in more dephosphorylation [39] . Isocitrate binds only to dephospho-IDH but not to phospho-IDH. NADPH binds both dephosphoand phospho-IDH, therefore making IDH a poor substrate, which competes with IDH for both kinase and phosphatase activities of AceK. When the binding sites for NADPH or isocitrate are occupied, IDH is unable to interact with AceK, possibly by preventing the important contacts from forming between these two proteins or formation of an unfavourable closed conformation for interaction, thereby preventing access to Ser113, the target residue for (de)phosphorylation. A regulatory model was proposed by Miller et al. [39] , whereby AceK exists in either kinase or phosphatase conformation and an equilibrium is controlled by the metabolites that preferably bind to the phosphatase state. IDH is either in the open or in the closed conformation, and AceK will associate and phosphorylate only the open conformation of IDH. NADPH or isocitrate locks IDH into the closed conformation and may interfere with AceK -IDH complex formation. The structures of AceK appear to support this model [3] . When AceK is exhibiting kinase function, the dissociation constant for IDH is 2.4 mM; however, for phosphatase function, a lower binding affinity exists for phospho-IDH (6 mM). With a preference for binding unphosphorylated IDH, the regulatory metabolites help favour the phosphatase state of AceK, perhaps strengthening this interaction with phosphorylated IDH [39] .
(c) Regulation by AMP AMP is a good monitor of the energy needs of the cell. The eukaryotic AMPK regulates cellular metabolism in response to the availability of energy. The AMP/ ATP ratio regulates how AMPK acts on its downstream targets [40, 41] . Compared with AMPK, AceK appears to have a more complicated regulatory mechanism for sensing changes in cell metabolism. Depletion in AMP levels signals that the cell requires energy and isocitrate will continue through the Krebs cycle with IDH dephosphorylated. The structure of AceK with AMP bound provides the first structural glimpse into how AMP may act as an allosteric regulator. AMP is bound in a pocket between the RD and KD; yet the ATP binding site, where the catalytic action occurs, is nearly 25 Å away [3] . Structural analysis suggests that these sites may communicate through a network of salt bridges and hydrogen bonds, with Tyr414 central to this intricate network between AMP and ATP (figure 5). Tyr414 hydrogen bonds with Glu374, which in turn communicates with AMP through the Glu374, Lys294, AMP, Ser105 and Glu374, Lys294, AMP, Lys291, Asp55 networks. Towards the ATP binding site, Tyr414 further extends the interaction to Tyr357 via p-stacking, where Tyr357, together with Glu416, stabilizes Lys336, a key residue for ATP binding. The network is likely more complex and dynamic than these initial observations show; however, it does provide a plausible explanation of how the allosteric effects of AMP are transmitted through the protein [3] . Fructose 1,6-bisphosphatase is a homotetramer that is inhibited allosterically by AMP. The binding of AMP to its allosteric site, 28 Å away from the closest active site, triggers a conversion from the active R-to the inactive T-state conformation, as the upper subunit pair rotates relative to the bottom subunit pair. In the absence of AMP, the enzyme assumes the R-state with a loop (residues 52-72) engaged at the active site; however, when AMP binds, this loop is stabilized in the disengaged conformation away from the active site [42] . Although the details of the AMP allosteric mechanism probably differ from AceK, similarities exist wherein AMP binding causes movement of a loop in proximity to the active site and this is all triggered by binding of AMP to a distant allosteric site [42, 43] . AMP also Review. AceK: prokaryotic phosphorylation J. Zheng et al. 2663 binds glycogen phosphorylase b at a site distant from the catalytic site, 35 Å away. The allosteric site, like AceK, is situated across the subunit (domain) interface in this dimeric enzyme sandwiched between a loop of one subunit (cap) and a helix for the other subunit. This allosteric site contains partially overlapping binding sites for both AMP and glucose-6-phosphate, with these effectors having opposing roles. AMP is activating (preferentially binding to the active R-state), and glucose-6-phosphate is inhibitory (binding to the inactive T-state) [44] [45] [46] . Although no other effectors are known to share the AMP binding site in AceK, the structure of AceK may reveal additional binding sites and regulatory mechanisms. This possibility is supported by the fact that multiple regulators are already known.
The previously identified mutations Y414C and Q373R in AceK result in altered sensitivity towards AMP, but also to 3-phosphoglycerate and pyruvate [32, 39] . The Y414C mutant eliminates the critical hydrogen bond between Tyr414 and Glu374, and mutation of the neighbouring residue, Gln373, may change the orientation of this critical hydrogen bond in addition to the loss of interactions with Lys294 and Ile414. Thus, Tyr414 is the sensor residue needed to transmit the allosteric effects of not only AMP but also probably 3-phosphoglycerate and pyruvate to maintain AceK in the phosphatase mode.
(d) Regulation by acetylation AceK is post-translationally modified by reversible lysine acetylation as a means of regulating its action. When AceK is acetylated, its ability to phosphorylate IDH decreases (favours the phosphatase conformation), whereas when AceK is deacetylated its ability to phosphorylate IDH increases (favours the kinase conformation). The acetylated state can be 'locked' in by the mimetic triple mutant (K72Q/K83Q/K553Q), whereby mutation neutralizes the positive charge, as would acetylation. Of the three lysines residues in the acetylation mimetic mutant, only Lys83 is strictly conserved and is probably the crucial site of modification. This represents another key point of regulation as the acetylation reaction requires acetyl-CoA and NAD þ , both important metabolites [47] . However, the mechanism through which acetylation regulates AceK is not known and represents an interesting and challenging area for structural investigation.
(e) Regulator binding and switch mechanism An array of ligands bind to and regulate AceK, and we are at the beginning of understanding how these may function and whether they share the same binding site or there are multiple allosteric binding sites. Identification of additional allosteric interaction sites by electrostatic surface potential analysis was performed on the structure of AceK (figure 5). In particular, the interface that bridges the KD and RD was evaluated. In addition to the AMP binding site (described earlier), at least one potential pocket is located at the interface. It has a well-defined pocket size and depth, and is negatively charged. This pocket, along with others yet to be identified, might represent other allosteric binding sites. Regulator binding in these pockets will no doubt interfere with the interactions between the two domains.
The recent structure of AceK suggests a switch mechanism between the kinase and phosphatase activities of AceK, the two activities that operate at the same active site ( figure 6 ). In the absence of AMP, Loopb3aC is in the closed conformation, obstructing the ATP-binding pocket (figure 2b). The interactions between residue Gln345 from Loopb3aC (AceK) and the backbone of Ser113 (IDH) prevent unphosphorylated IDH from approaching the AceK ATP binding site, which inhibits kinase activity and favours phosphatase function. However, phosphorylated-Ser113 IDH could enter the active site and undergo dephosphorylation, as the large, negatively charged phosphate group impairs the interactions between Gln345 and Ser113. Loopb3aC can be opened when the allosteric effector AMP is released, allowing Ser113 of IDH to be phosphorylated, thus putting the enzyme into kinase mode (figure 6). 
INTERACTION WITH ISOCITRATE DEHYDROGENASE AS A KINASE SUBSTRATE
The primary sequence surrounding the phosphorylation site (P-site) is often all that is required for a protein kinase to bind and phosphorylate its target substrate. Thus, a short peptide representing this sequence may be used as a substitute substrate.
However, AceK strictly forms only an intimate association with the homodimer of IDH [3] and cannot phosphorylate either proteolytic fragments derived from IDH or synthetic peptides that correspond to the sequence surrounding the phosphorylation site [48] . The interface created between AceK and IDH is highly specific [11, 48, 49] . The SRL (residues 484 -510) of AceK deeply extends approximately 32 Å into the active site cleft of IDH with a short a-helix at its tip ( figure 7a ). An extensive array of interactions is produced between the SRL and both molecules of dimeric IDH, which include hydrophobic packing, salt bridges and hydrogen bonds [3] . Further analysis of the AceK -IDH complex structure reveals two discontinuous regions on IDH that contact AceK: the P-loop from monomer 1 and the twisted antiparallel b-sheet from monomer 2 (ARS; AceK recognition segment) of the homodimeric structure of IDH (figure 7b). If either of these recognition sites on IDH is modified, even slightly, AceK fails to bind and recognize IDH. A structural survey of all IDH proteins revealed that only IDHs from Gram-negative bacteria are a target for AceK. Indeed, Escherichia coli AceK can cross-phosphorylate Burkholderia pseudomallei IDH, demonstrating a close evolutionary relationship among Gram-negative bacterial AceK -IDH systems. It is thus not surprising that all known and putative AceK proteins exist only in Gram-negative bacteria. The IDH protein from other organisms may have evolved structurally to circumvent association with AceK, or the lack of selective pressure eliminated the need for these AceK-binding elements [50] .
FUTURE PERSPECTIVE
Although the AceK field was stalled for some time, the new structural information has sparked new interest into this unusual bifunctional enzyme. With a working hypothesis of the phosphatase mechanism now developed, we now have new avenues to test experimentally. One such goal would be the structure determination of 'paired' AceK/IDH complex structures, including AceK-AMP with phosphorylated IDH and AceK with IDH in the absence of AMP, through the use of inactivated mutants or non-hydrolyzable ATP analogues. In essence, this would create a structural movie of the catalytic mechanisms, providing better understanding of the bifunctionality of AceK, particularly phosphatase. Despite the strides that have been made with the ligand AMP, regulation of AceK remains complex with many potential regulators, each with a possibility of a different communication network running through the AceK protein. Uncovering how all these regulators work together to control AceK function would be highly beneficial. Do these ligands regulate AceK competitively, cooperatively or both? Structural location of these allosteric binding sites may shed some light as we develop a fully integrated model of regulation. Recent work on acetylated AceK has located a potential residue involved, and structural work may suggest how acetylation communicates throughout the protein.
The ultimate goal is to fully understand both the kinase and phosphatase functions of AceK, which may require the design of inhibitors and activators that modulate these functions. Despite this ambitious goal, what remains clear is that we are at the beginning of an exciting journey into uncovering the details of this unusual kinase/phosphatase.
